Germ-line mutations of the LKB1 gene cause PeutzJeghers syndrome (PJS) characterized by mucocutaneous pigmentation, predisposition to benign hamartomas of the gastrointestinal tract and also to several types of tumors. However, somatic mutations of this gene are very rare. To examine inactivation of LKB1 by epigenetic mechanisms, we investigated a series of primary tumors and cancer cell lines, for hypermethylation aecting the CpG island located in the 5' region of the LKB1 gene using Methylation-speci®c PCR (MSP). First, we screened 51 cancer cell lines. Only three colorectal and one cervical carcinoma cell lines were methylated at LKB1, and loss of the LKB1 transcript was demonstrated. Treatment with the demethylating agent 5-aza-2'-deoxycytidine restored LKB1 expression. To address the incidence of LKB1 epigenetic inactivation in primary tumors, we analysed colorectal, breast, gastric, pancreatic, thyroid, bladder and testicular carcinomas (n=195). Normal tissues from the mentioned organs were unmethylated in this region. Among the described tumors, only one colorectal carcinoma and three testicular tumors displayed LKB1 promoter hypermethylation. Further study of those histological types more commonly associated with PJS, demonstrated that LKB1 promoter hypermethylation was present in ®ve of 11 (45%) papillary breast carcinomas. Finally, in three patients with a strong family story suggestive of PJS disease, abnormal LKB1 methylation was found in four of 22 (18%) hamartomatous polyps lesions. Our ®ndings provide an alternative pathway for inactivation of the LKB1 tumor suppressor gene involving promoter hypermethylation. Oncogene (2000) 19, 164 ± 168.
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Keywords: LKB1; hypermethylation; Peutz-Jeghers; human cancer Germ-line mutations of the LKB1 gene, also known as STK11, located in the chromosomal region 19p13.3 cause Peutz-Jeghers syndrome (PJS) Jenne et al., 1998) . PJS is a rare, autosomal dominantly inherited condition characterized by mucocutaneous pigmentation, as well as predisposition to gastrointestinal hamartomatous polyposis (Tomlinson and Houlston, 1997) . Although hamartomas are characteristic of the syndrome, hyperplastic and adenomatous polyps are occasionally detected. Carriers of the genetic alteration are also predisposed to tumors of the gastrointestinal tract, breast, testis, ovary and cervix (Tomlinson and Houlston, 1997; Giardiello et al., 1987; Boardman et al., 1988) and an 18-fold increase risk of cancer has been reported in PJS patients (Giardiello et al., 1987) . Interestingly, some rare tumor types can be found relatively frequently in PJS patients, including cervical adenoma malignum, ovarian sex cord tumors with annular tubes and testicular Sertoli cell tumors (Tomlinson and Houlston, 1997; Giardiello et al., 1987; Boardman et al., 1988) . LKB1 encodes a widely expressed serine/ threonine kinase highly conserved in mouse and Xenopus . The large majority of mutations in LKB1 detected in PJS patients are predicted to truncate the protein and hence inactivate it Jenne et al., 1998) . Supporting the LKB1 tumor suppressor role, loss of LKB1 kinase activity has been recently demonstrated in the mutant proteins derived from PJS families (Mehenni et al., 1998; Ylikorkala et al., 1999) . Because many genes that predispose to cancer are also mutated somatically in non-familial cases, the presence of somatic mutations has been examined in sporadic colorectal, pancreatic, gastric, ovarian, cervical, lung, soft tissue, renal, breast and testicular tumors but somatic mutations are very rare Bignell et al., 1998; Dong et al., 1998; Resta et al., 1998; Wang et al., 1998) . Thus, the role of LKB1, if any, in the development of sporadic neoplasms remains unclear.
An alternative mechanism for the inactivation of a tumor suppressor gene is promoter hypermethylation (Baylin et al., 1998; Jones et al., 1999) . Methylation is the main epigenetic modi®cation in humans (Baylin et al., 1998) and changes in patterns of this process play an important role in tumorigenesis. In particular, hypermethylation of normally unmethylated CpG islands located in the promoter regions of many tumor suppressor and DNA repair genes such as p16, p15, Rb, VHL, E-cadherin, GSTP1, MGMT and hMLH1 correlates with its loss of expression in cancer cell lines and primary tumors (Baylin et al., 1998; Herman et al., 1996b; Jones et al., 1999; Kane et al., 1997; Herman et al., 1998; Esteller et al., 1998a Esteller et al., ,b, 1999a . In the cases of p16 and hMLH1, germ line point mutations are responsible for genetic diseases with increased cancer risk involving melanoma and colorectal/endometrial/gastric malignancies respectively, but somatic mutations of these genes are infrequent in sporadic tumors. In these nonfamilial malignancies, silencing of p16 and hMLH1 by promoter methylation is the more frequent alteration (Baylin et al., 1998; Kane et al., 1997; Herman et al., 1998; Esteller et al., 1998b) . To determine the possible inactivation of LKB1 by epigenetic mechanisms, we investigated primary tumors and cancer cell lines for hypermethylation aecting the CpG island located in the 5' region of the LKB1 gene. Our results demonstrate the presence of hypermethylation-associated inactivation of LKB1 in cancer cell lines and in a subset of primary tumors observed in PJS patients.
DNA methylation patterns in the CpG island located in the 5' region of LKB1 gene were ®rst screened in 51 cancer cell lines, including 15 colon, ®ve breast, seven ovary, one cervix, 11 lung, three thyroid, three leukemia, three brain and three prostate tumor types using Methylation-speci®c PCR (MSP). Only three colorectal and one cervical carcinoma cell lines displayed abnormal LKB1 methylation: DLD-1, HCT-15 and HeLaS3 were nearly completely methylated at LKB1, while HCT116 was partially methylated at this locus showing the presence of unmethylated and methylated alleles.
The methylation status was also con®rmed by restriction cut analysis of the MSP products with BstUI, as previously described (Herman et al., 1996a) . A representative example of the MSP results is shown in Figure 1a . Interestingly, the DLD-1 cell line was established from a colorectal carcinoma with coexisting papillary adenoma (Tompkins et al., 1974; Vermeulen et al., 1998) . The colorectal carcinoma cell line HCT-15, isogenic to DLD-1 (Vermeulen et al., 1998) , had the same pattern of methylation. Minimal expression of LKB1 was found in the methylated cell line DLD-1, while normal lymphocytes and the unmethylated colon cancer cell lines LoVo and HT-29 expressed abundant LKB1 transcript (Figure 1b) . Treatment of DLD-1 with the demethylating agent 5-aza-2'-deoxycytidine, restored LKB1 expression (Figure 1b ) coincident with the appearance of unmethylated LKB1 alleles ( Figure  1c) . Thus, the methylation event was the cause underlying the loss of LKB1 in this cell line. The cell line HeLaS3, derived from a cervical carcinoma with features common to those observed in PJS patients (Jones et al., 1971) , demonstrated complete methylation of the LKB1 promoter, and the LKB1 transcript is absent in this cell line (Nezu J, personal communication). The functional importance of the partial methylation observed in HCT-116 is unknown, since the cell line expressed LKB1 mRNA. However, other cell lines with mismatch repair defects, such as RKO, SW48, and LoVo are completely unmethylated, suggesting that methylation of LKB1 is not dependent on mismatch repair capacity. Together, these data demonstrate the silencing by hypermethylation in the 5' end of LKB1 gene is one of mechanism associated with loss of expression, and thus inactivation, in cancer cell lines.
To address the incidence of LKB1 epigenetic inactivation in primary tumors, we examined unselected tumors including 12 colorectal, 32 breast, 30 gastric, 18 pancreatic, 12 thyroid and 32 bladder carcinomas. These tumors did not have LKB1 methylation, nor did normal tissues from these organs (Figure 2a,b) . Furthermore, 18 colorectal and 28 testicular carcinomas with no LKB1 mutations and an additional 13 colorectal carcinomas with loss of heterozygosity (LOH) at LKB1 were also examined. One colon carcinoma and three testicular tumors (a seminoma, a non-seminoma and a carcinoma in situ, precursor of both types) displayed LKB1 promoter Figure 1 (a) Analysis by Methylation-speci®c PCR (MSP) of the promoter region of LKB1. Primers used for the unmethylated reaction were 5'-GGA TGA AGT TGA TTT TGA TTG GGTT-3' (sense) and 5'-ACC CAA TAC AAA ATC TAC AAA CCA ACA-3' (antisense) and for the methylated reaction 5'-ACG AAG TTG ATT TTG ATC GGG TC-3' (sense) and 5'-CGA TAC AAA ATC TAC GAA CCG ACG-3' (antisense). The sense primer of the unmethylated reaction begins at bp 15 and the sense primer of the methylated reaction begins at bp 17 from GenBank sequence AF 035625. The unmethylated product is 122 bp long and the methylated product is 117 bp. The presence of a visible PCR product in those lanes marked U indicates the presence of unmethylated genes of LKB1; the presence of product in those lanes marked M indicates the presence of methylated genes. In vitro methylated DNA (IVD) was used as a positive control for methylated LKB1 alleles. DNA from normal lymphocytes (Lymph) was used as negative control for methylated LKB1 alleles. (a) LKB1 is methylated DLD-1, but unmethylated in the other cell lines on the left. Hct-15 and Hct-116 also demonstrate methylation of LKB1. (b) LKB1 expression determined by reverse transcription PCR in normal lymphocytes, colon cancer cell lines LoVo and HT-29, and DLD-1 before and after 5-aza-2'-deoxycytidine treatment, showing LKB1 reactivation in DLD-1. GAPDH expression demonstrates relatively equal amounts of initial mRNA. RT ± PCR reactions (+) and RT ± PCR minus (7) as negative control. One hundred ng of this cDNA were ampli®ed by PCR. Primers for LKB1 were 5'-GGC ATG CAG GAA ATG CTG GAC AGC-3' (sense, exon 3) and 5'-GTG TCC AGG CCG TTG GCA ATC TCG-3' (antisense, exon 5) and for GAPDH were 5'-CGG AGT CAA CGG ATT TGG TCG TAT (sense) and 5'-AGC CTT CTC CAT GGT GGT GAA GAC-3' (antisense). (c) MSP of LKB1 in the colorectal cancer cell line DLD-1 before and after treatment with the demethylating agent 5-aza-2'-deoxycytidine LKB1 promoter hypermethylation in human cancer M Esteller et al hypermethylation (Table 1) . This colorectal tumor also had LOH, suggesting complete loss of LKB1 function.
We then studied a third set of sporadic tumors composed exclusively of the speci®c histologic subtypes typical of PJS (Tomlinson and Houlston, 1997; Giardiello et al., 1987) . LKB1 promoter hypermethylation was absent in three adenoma malignum of the uterine cervix and one sex cord ovarian tumor with annular tubes. However, LKB1 methylation was present in ®ve of 11 (45%) papillary breast carcinomas ( Figure 2c , Table 1 ). The methylation status was also con®rmed by restriction cut analysis of the MSP products. Interestingly, bilateral breast cancer, papillary breast carcinoma and breast papillomas are not uncommon ®ndings in PJS patients (Tomlinson and Houlston, 1997; Giardiello et al., 1987; Boardman et al., 1988; Riley and Swift, 1980) . However, papillary breast carcinoma is very rare in the general population accounting for less than 5% of the diagnosed breast carcinomas.
Finally, since hamartomas and adenocarcinomas from patients with PJS carrying LKB1 germ line mutations have LOH of 19p markers near LKB1 in 70% of tumors (Gruber et al., 1998) , epigenetic silencing of LKB1 may account for the second hit for LKB1 inactivation in the remaining 30% of cases. We studied 22 hamartomas collected from three unrelated patients with a strong family history suggestive of PJS disease, one with a well characterized LKB1 frameshift germ line mutation . Abnormal LKB1 methylation was found in four of 22 (18%) of these hamartomatous polyps ( Figure 2c and Table 1 ). Biallelic inactivation of LKB1 by combination of the genetic and the epigenetic events was suggested in two of these hamartomas, each having one of the mentioned germ line frameshift mutation combined with promoter hypermethylation in the absence of LOH (Table 2 ).
Knudson's tumor suppressor/recessive oncogene theory predicts that genes which confer a risk of cancer as a result of germ-line mutations are likely to be somatically mutated in sporadic cancers of the same type. This has proved to be the case for Rb and p53. However, other hereditary cancer genes such as BRCA1, BRCA2, and ATM do not appear to completely conform this model. Until recently the same exception was applied to the mismatch repair genes due to the fact that hMLH1 and hMSH2 mutations are present only in 10% of sporadic carcinomas with microsatellite instabilty (MSI), the characteristic feature of the tumors developed in patients with Hereditary Non-Polyposis Colorectal Carcinoma. However, it has been shown that an alternative mechanism of inactivation involving silen- Figure 2 Analysis by Methylation-speci®c PCR (MSP) of the promoter region of LKB1 in primary tumors, as described in Figure 1 . The presence of a visible PCR product in those lanes marked U indicates the presence of unmethylated genes of LKB1; the presence of product in those lanes marked M indicates the presence of methylated genes. In vitro methylated DNA (IVD) was used as a positive control for methylated LKB1 alleles. DNA from normal lymphocytes (Lymph) was used as negative control for methylated LKB1 alleles. cing of the hMLH1 by promoter hypermethylation is a frequent event in sporadic colon and endometrial carcinomas with MSI (Kane et al., 1997; Esteller et al., 1998b) . In a similar way, somatic LKB1 mutations in tumors are extremely rare, but our ®ndings of the existence of silencing of LKB1 by promoter hypermethylation provides an alternative pathway to LKB1 inactivation in sporadic tumors. The two hits for the inactivation of tumor suppressor genes are generally thought to be intragenic mutations and loss of chromosomal material (LOH or homozygous deletion). Promoter hypermethylation should now be considered one of the`hits' suered by tumor suppressor genes (Baylin et al., 1998; Jones et al., 1999) . Thus, silencing by abnormal promoter methylation of Rb, VHL, MLH1, p15, and p16 associated with inactivation of the other allele by a`classical hit' such as intragenic mutation or LOH are a relatively common ®nding in human cancer (Baylin et al., 1998; Jones et al., 1999) . Our ®ndings ®t this model, demonstrating in one sporadic tumor LKB1 promoter hypermethylation associated with LOH in the absence of point mutation, and in a patient with LKB1 germ line mutation, inactivation of LKB1 by abnormal CpG island methylation in the absence of LOH. LKB1 epigenetic inactivation displays a highly specialized distribution. The speci®c pattern of promoter hypermethylation aecting genes involved in cancer covers a wide spectrum from p16, hypermethylated in many tumor types (Baylin et al., 1998) , through MGMT or GSTP1, which epigenetic inactivation is found in carcinogen or hormone-related carcinomas respectively (Esteller et al., 1998a (Esteller et al., , 1999a . At the other extreme, Rb hypermethylation occurs only in retinoblastoma and VHL hypermethylation is limited to clear cell renal carcinoma and hemangioblastoma (Baylin et al., 1998) . Hypermethylationassociated inactivation of LKB1, like Rb and VHL, appears only in the rare and particular subtypes of neoplasm associated with PJS, which can be seen in Table 1 . For instance, none of the common type of breast carcinomas analysed had abnormal LKB1 methylation, but it was present in half of the more unusual papillary type. Future examination of the LKB1 promoter methylation status in other sporadic neoplasms typically linked to PJS, including larger series of ovarian sex cord tumors with annular tubes, sertoli cell testicular tumors and adenomas malignum of the uterine cervix may reveal additional evidence of LKB1 inactivation. Interestingly, LOH at 19p13.3 where LKB1 is located has been described in the majority of adenomas malignum of the uterine cervix , and abnormal LKB1 methylation could inactivate the other allele. Our ®ndings provide an alternative pathway for LKB1 inactivation involving hypermethylation of its 5' CpG island with a very speci®c pattern, further supporting epigenetic inactivation as a`hit' for LKB1 tumor suppressor gene abrogation.
